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INTRODUCTION

36
The networks regulating cell division in yeasts and animals are highly similar in both 37 physiological function and network structure (Figure 1) (Cross et al., 2011; Doonan 38 and Kitsios, 2009 ). For example, the cell cycle controls proliferation in response to a 7 constellations of components are present in the extant zygomycetes and basal fungi.
209
For example, the zygomycetes have lost pRb while retaining E2F, which was then 210 abruptly lost in the transition to Dikarya. However, with the possible exception of 211 Microsporidia, all fungi have retained SBF and never completely reverted back to the 212 original ancestral state; see Figure 5 .
214
The SBF and E2F family of transcription factors are unlikely to be orthologs.
216
A simple scenario to explain the emergence of a hybrid network would be gene 217 duplication of the E2F pathway followed by rapid sequence evolution to create a 218 partially redundant SBF pathway. To this end, we scrutinized the highly conserved 219 E2F and SBF DNA-binding domains to detect any sequence and structural homology. 227 and S. cerevisiae genome, Fig. 6B ) demonstrate that E2F_TDP.hmm is specific to 228 E2F/DP and that KilA-N.hmm is specific to SBF+APSES. We show that genomes with 229 hybrid network (S. punctatus, Fig. 6C , and other basal fungi with both transcription 230 factors, Fig. 6D ) have both E2F/DP and SBF+APSES. E2F_TDP.hmm never hits an 231 SBF+APSES transcription factor and KilA-N.hmm never hits an E2F transcription 232 factor (i.e. there are no scores on the diagonal of the panels in Figure 6 ). Thus, there 233 is no misclassification by the Pfam HMM models. These data suggest that SBF and 234 other KilA-N domains have no more sequence identity than non-homologous proteins 235 to E2F/DP. We find that non-fungal genomes only hit E2F/DP (Fig. 6E ) with the 236 notable exception of Trichomonas vaginalis, the only non-fungal genome with E2F/DP 237 and KilA-N homologs (Fig. 6F ). We will discuss the case of T. vaginalis in the next 238 section.
240
To test the possibility that SBF was a gene duplication of E2F/DP and evolution was 241 so rapid that sequence identity was lost, but structural and functional homology to 242 E2F/DP was maintained, we looked for possible evidence of structural homology. The 243 8 DNA-binding domains of SBF/MBF (Taylor et al., 2000; Xu et al., 1997) and E2F/DP 244 (Zheng et al., 1999) are structurally classified as members of the winged-helix-turn-245 helix (wHTH) family, which is found in both prokaryotes and eukaryotes (Aravind and 246 Koonin, 1999; Aravind et al., 2005; Gajiwala and Burley, 2000) . Although the DNA-247 binding domains of E2F/DP and SBF/MBF are both classified as wHTH proteins, they 248 show important differences in overall structure and mode of protein-DNA complex 249 formation that lead us to conclude that it is highly unlikely that they are orthologs.
251
Many wHTH transcription factors, including the E2F/DP family, have a 'recognition 252 helix' that interacts with the major or minor grooves of the DNA. The E2F/DP family 253 has an RRXYD DNA-recognition motif in its helix that is invariant within the E2F/DP 254 family and is responsible for interacting with the conserved, core GCGC motif (Zheng 255 et al., 1999) (see Figure 7A : red structure). The RRXYD recognition motif is strikingly 256 conserved in E2F/DP across all eukaryotes, including the E2F/DP proteins uncovered 257 in basal fungi (Figure 7B, left (Liu et al., 2015) . In striking contrast to 263 many wHTH structures, in which the recognition helix is the mediator of DNA binding 264 specificity, the wing of PCG2 binds to the minor groove to recognize the MCB binding 265 site. The two glutamines in the wing (Q82, Q89) are the key elements that recognize 266 the core MCB binding motif CGCG ( Figure 7A , blue structure). Family-specific 267 conservation in the DNA-binding domain is observed for all members of the SBF and 268 APSES family, including basal fungal sequences ( Figure 7B , right). In summary, the 269 incongruences in sequence, structure, and mode of DNA-interaction between E2F/DP 270 and SBF/MBF families strongly suggest that SBF is not derived from E2F.
271
Viral origin and evolution of the fungal SBF and APSES family
272
Since SBF is unlikely to be orthologous to the E2F family of transcription factors, we 273 considered the straightforward alternative. Previous work has shown that the DNA-274 binding domain of the APSES and SBF proteins is homologous to a viral KilA-N 275 domain (Iyer et al., 2002) . KilA-N is a member of a core set of "viral hallmark genes" 276 found across diverse DNA viruses that infect eubacteria, archaea, and eukaryotes 277 (Koonin et al., 2006) . Outside the fungal SBF/APSES sub-family, little is known about 278 9 the KilA-N domain structure, its DNA-binding recognition sequence, and function 279 (Brick et al., 1998) . The wide distribution of DNA viruses and KilA-N across the three 280 domains of life suggests that the fungal ancestor likely acquired SBF via horizontal 281 gene transfer rather than the other way around.
283
To broaden the scope of analysis beyond the eukaryotic genomes that we studied, 
317
Our results show that the fungal SBF family is monophyletic and is strongly 318 supported by multiple phylogenetic support metrics. This suggests a single HGT 319 event as the most likely scenario that established the SBF+APSES family in a fungal 320 ancestor. However, our current phylogeny is unable to distinguish whether the SBF 
346
To first test whether yeast SBF can bind a canonical E2F binding site, we inserted 347 consensus E2F binding sites in the budding yeast genome. The hijacking hypothesis 348 11 would be supported in vivo if E2F binding sites could generate SBF-dependent cell 349 cycle regulated gene expression. We used the well-studied CLN2 promoter, which only once). We used these PBM data to generate DNA motifs for E2F and SBF 373 (Berger et al., 2006) , and to compute, for each possible 8-bp DNA sequence, an 374 enrichment score (or E-score) that reflects the specificity of the protein for that 8-375 mer. E-scores vary between -0.5 and +0.5, with larger values corresponding to 376 higher affinity binding sites (Berger et al., 2006) . As shown in Figure 10A , E2F1 and 377 Swi4 can bind a set of common motifs. For example, the E2F binding site variant that 378 we tested in budding yeast (GCGCGAAA, highlighted in red), is one of the sites 379 commonly bound in vitro by E2F and SBF.
381
Most notably, the in vitro PBM data show that there are specific motifs that can be 382 bound only by E2F or only by SBF. To identify the key nucleotide differences 12 between E2F-only and SBF-only binding, we created motifs of E2F-only and SBF-only 384 sites. The consensus E2F-only (NNSGCGSN) and SBF-only (NNCRCGNN) motifs 385 indicate that differential specificity between E2F1 and SBF is mediated by the 386 nucleotides in the 3rd and 4th positions (underlined) before the invariant CG at the 387 5th and 6th positions. E2F has a strict preference for G in the 4th position, where as 388 SBF has a strict preference for C in the 3rd position ( Figure 10A ).
390
We then scanned the promoters of known E2F target genes from the human genome 391 (CCNE1, E2F1, EZH2) with our empirically-defined DNA binding sites from PBM 392 assays (Afek et al., 2014; Badis et al., 2008) to predict putative E2F-only, SBF-only, 393 and common sites ( Figure 10B ). As expected, there are many predicted E2F-only 394 and common (E2F & SBF) sites that could be bound by E2F in these known target 395 genes. However, we could also find many potential SBF-only binding sites in these 396 same promoters. We then extended our analysis to 290 known E2F target genes in 
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MATERIALS AND METHODS
475
Identification of potential protein family homologs.
476
We used Profile-Hidden Markov Models (profile-HMMs) to detect homologs for each of 
491
Our profile-HMM for E2F/DP family only detects E2F or DP, where as our profile-HMM 492 for SBF/MBF family only detects SBF/MBF (or APSES). The same protein was never 493 identified by both profile-HMMs because the sequence profiles and the structure are 494 non-homologous. In the case of basal fungi, which have both E2F/DP and SBF/MBF, 495 all proteins classified as an E2F/DP had clear homology to E2F or DP (see alignment 496 in Figure 7B ) and all proteins that we classified as SBF/MBF had clear homology to 497 SBF/MBF (see alignment in Figure 7B ).
498
Phylogenetic-based classification of protein homologs in sub-families.
499
A phylogenetic analysis and classification was built in four stages. In the first stage, 500 we used MAFFT-L-INS-i (-maxiterate 1000) to align the sequences of eukaryotic 501 protein family members (Katoh and Standley, 2013) . We then used probabilistic 502 alignment masking using ZORRO (Wu et al., 2012) to create different datasets with 503 varying score thresholds. Next, we used ProtTest 3 to determine the empirical 504 amino-acid evolutionary model that best fit each of our protein datasets using 505 several criteria: Akaike Information Criterion, corrected Akaike Information Criterion,
506
Bayesian Information Criterion and Decision Theory (Darriba et al., 2011) . Last, for 507 each dataset and its best-fitting model, we ran different phylogenetic programs that 508 use maximum-likelihood methods with different algorithmic approximations (RAxML 509 and PhyML) and Bayesian inference methods (PhyloBayes-MPI) to reconstruct the 510 phylogenetic relationships between proteins.
512 513
For RAxML analyses, the best likelihood tree was obtained from five independent 514 maximum likelihood runs started from randomized parsimony trees using the 515 empirical evolutionary model provided by ProtTest. We assessed branch support via 516 rapid bootstrapping (RBS) with 100 pseudo-replicates. PhyML 3.0 phylogenetic trees 517 were obtained from five independent randomized starting neighbor-joining trees 518 (RAND) using the best topology from both NNI and SPR moves. Non-parametric 519 Shimodaira-Hasegawa-like approximate likelihood ratio tests (SH-aLRTs) and 520 parametric à la Bayes aLRTs (aBayes) were calculated to determine branch support 521 from two independent PhyML 3.0 runs. For Bayesian inference we used PhyloBayes 522 16 (rather than the more frequently used MrBayes) because it allows for site-specific 523 amino-acid substitution frequencies, which better models the level of heterogeneity 524 seen in real protein data (Lartillot and Philippe, 2004; Lartillot et al., 2009) . We 
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We note that the confidence of each node in the phylogenetic trees was assessed 537 using multiple, but complementary support metrics: (1) posterior probability for the SphI and ligated into pLB02-0mer digested with the same enzymes. To create 556 pLB02-E2F, which contains E2F binding sites, the same procedure was applied to a version of the promoter fragment in which the SCBs at 606bp, 581bp, and 538bp 558 upstream of the ORF were replaced with the E2F binding site consensus sequence 559 GCGCGAAA (Thalmeier et al., 1989) . All these plasmids were linearized at the BbsI 560 restriction site in the CLN2 promoter and transformed. Both swi4∆ and mbp1∆ 561 strains containing pLB02-0mer, pLB02-Cln2, pLB02-E2F fluorescent expression 
589
SBF-only, and common sites, we used the Priority software (Gordân et al., 2010) 590 with a uniform prior to align the 8-mers with E-score > 0.37 for E2F only, SBF only, 591 or both E2F and SBF, respectively ( Figure 10A 
879
We developed profile-HMMs to detect cell division cycle regulators in eukaryotic 880 genomes. For each cell cycle regulatory family (e.g., cyclins), we used molecular 881 phylogeny to classify eukaryotic sequences into sub-families (e.g., Cyclins B, Cyclin 
918
Every protein in the query genome (listed at top) was scored using hmmsearch with 919 E2F/DP HMM (x-axis) and KilA-N HMM (y-axis). All scores below 1E-5 (i.e., 920 marginally significant) are blue and those below 1E-10 (i.e. highly significant) are 921 red. All hits with E-values between 1e-5 and 1e-10 were further validated (or 922 rejected) using an iterative search algorithm (Jackhmmer) against the annotated 923 SwissProt database using the HMMER web server (Finn et al., 2011) . We then 
